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INTRODUCTION
The aldehyde dehydrogenase (ALDH) superfamily has 19 protein-coding family members with varying tissue or development expression (Koppaka et al., 2012) . ALDHs metabolize endogenous and exogenous aldehydes to their corresponding carboxylic acids to prevent accumulation of toxic aldehydes. ALDH1A enzymes are also involved in the biosynthesis of retinoic acid (RA). Via synthesis of RA, ALDH1A enzymes indirectly regulate RA-mediated transcription of hundreds of genes that regulate normal stem cell proliferation and differentiation (Balmer and Blomhoff, 2002; Napoli et al., 1995) . ALDH enzymes also have a role in cancer. ALDHs mediate resistance to chemotherapy via direct drug metabolism and by regulation of reactive oxygen species (Bretz et al., 2012; Dylla et al., 2008) . Many studies have used broad ALDH inhibitors such as N,N-diethylaminobenzaldehyde (DEAB) and disulfiram (DSF) to demonstrate a general role for ALDH in chemotherapy resistance (Kast and Belda-Iniesta, 2009; Morrison et al., 2010; Rezk et al., 2015; Yip et al., 2011) . Other studies have used knockdown of select ALDH1 family members to support their role in chemotherapy resistance; ALDH1A1 or ALDH1A3 knockdown increases chemosensitivity in ovarian cancer, melanoma, breast cancer, and lung cancer (Januchowski et al., 2013) . ALDH activity is essential to chemotherapy resistance in breast cancer (Raha et al., 2014) , and ALDH1A2 and ALDH1A3 are implicated in chemotherapy resistance in mesothelioma (CortesDericks et al., 2014) .
In ovarian cancer, in TP53 wild-type patients' high mRNA expression of ALDH1A2 is associated with poor overall survival (Ma and Zhao, 2016) , and ALDH bright cells (cells with high ALDH enzymatic activity based on the ALDEFLUOR assay) are resistant to cisplatin (Silva et al., 2011) . ALDH1A1 is upregulated more than 100-fold in ovarian cancer cells selected for taxane resistance in vitro, and ALDH1A1 knockdown reversed that chemotherapy resistance (Steg et al., 2012) . Furthermore, paired biopsies taken from patients (Steg et al., 2012) and patientderived ovarian tumor xenografts (Dobbin et al., 2014) before and after chemotherapy demonstrated increased expression of ALDH1A1 and the cancer stem-like cell (CSC) marker CD133 in posttreatment samples. ALDH activity identifies CSCs in numerous cancers, including ovarian cancer (Deng et al., 2010; Landen et al., 2010; Silva et al., 2011) . Limited numbers of primary human ALDH bright cells initiate tumors, whereas a 50-fold excess of ALDH dim tumor cells cannot. ALDH used in combination with CD133 enriches CSC isolation, with as few as 11 ALDH bright CD133 + primary human ovarian cancer cells capable of initiating heterogeneous ovarian tumors in mice as well as passage through several generations (Kryczek et al., 2012; Silva et al., 2011) . Importantly, we performed single-cell lineage tracing studies with primary human ovarian cancer cells and defined a clear ovarian cancer differentiation hierarchy, with ALDH bright CD133 + cells serving as multipotent stem cells in both cell lines and primary patient samples (Choi et al., 2015) .
Given the role of ALDH1A isozymes in chemotherapy resistance, stem cell biology, and its link with CSC, ALDH1A activity has been proposed as a therapeutic target in cancer. Here, we report the identification of the potent, ALDH1A family-specific inhibitor (ALDH1Ai) 673A; 673A inhibits all three ALDH1A family members (half-maximal inhibitory concentration [IC 50 ] < 350 nM for each) with minimal inhibition of ALDH2 or ALDH3 (IC 50 $15 mM). The 673A treatment leads to the induction of necroptotic cell death preferentially in CD133 + ovarian CSCs.
Necroptosis is dependent in part on the induction of mitochondrial uncoupling proteins (UCPs) and is associated with inhibition of oxidative phosphorylation (OXPHOS) in CSCs. Necroptosis in CSCs is associated with chemotherapy synergy, a reduction in tumor initiation capacity, and eradication of tumors in vivo. Together these data strongly support the ALDH1A family as an important therapeutic target in cancer.
RESULTS

ALDH1A Family Members in Ovarian Cancer
ALDH1A family members have been proposed as therapeutic targets in ovarian cancer. However, which ALDH1A enzyme or enzymes to target remains uncertain. Evaluation of ALDH1A family (ALDH1A1, ALDH1A2, or ALDH1A3) member expression in multiple ovarian cancer cell lines, using qRT-PCR revealed that, typically, at least one ALDH1A family member was significantly expressed in each cell line ( Figure 1Ai ). Similarly, in silico analysis of ALDH1A expression in 30 ovarian cancer cell lines in the Cancer Cell Line Encyclopedia (CCLE) data set indicated that at least one, and in many cases, two, ALDH1A isozymes are expressed in each cell line ( Figure 1Aii ; Table S1 ). Although ALDH1A1 is expressed in all cell lines tested, ALDH1A3 is the dominant isoform in OVCAR8, OVCAR5, and PEO1. Analysis of ALDH1A family members in 316 high-grade serous ovarian cancers (HGSCs) in The Cancer Genome Atlas data set (https://cancergenome.nih.gov/) demonstrated that deep deletions, mRNA downregulation, or missense mutations of ALDH1A family members occur in 0.6% or less of cases ( Figure 1B) . We identified no cases with two ALDH1A family members deleted, suggesting that at least one ALDH1A family member may be necessary for cancer cell viability.
Given predominant expression of ALDH1A1 and ALDH1A3, we validated and performed siRNA knockdown of ALDH1A1 and ALDH1A3 in three HGSC ovarian cancer cell lines that have a high level of ''stemness'' based on high expression of CD133. Knockdown of either ALDH1A1 or ALDH1A3 resulted in a significant reduction in cell viability in all three cell lines, with knockdown of the predominant isozyme having the greatest effect ( Figure 1Cii ). To determine whether ALDH1A or ALDH1A3 were differentially affecting CSC, we performed small interfering RNA (siRNA) knockdown in fluorescence-activated cell sorting (FACS)-isolated CD133 + and CD133 -cells from two cell lines with distinct CD133 + cell populations. siRNA knockdown of ALDH1A1 or ALDH1A3 in FACS-sorted CD133 + and CD133
À from A2780 and Ovsaho cells was associated with statistically significant preferential depletion of CD133 + CSC in both cell lines ( Figure 1D ).
Identification of an ALDH1A Family-Specific Inhibitor
The observations above and the literature suggest that the ALDH1A family members could contribute to cancer stemness (Condello et al., 2014; Li et al., 2014; Raghavan et al., 2017; Yip et al., 2011) . Given the differential expression of ALDH1A family members, we reasoned that a pan-ALDH1A class inhibitor would have the broadest utility. Because ALDH1A family member knockdown was associated with preferential depletion of CD133 + cells, we evaluated several known ALDH inhibitors for the ability to deplete CD133 + CSCs. Although the ALDH2 inhibitor daidzin had no significant toxicity to ovarian cancer cells or CD133 + CSCs, high doses of the ALDH1A inhibitor DEAB demonstrated preferential depletion of CD133 + cells (Figure 2A ). We thus screened DEAB analogs for both ALDH inhibitory activity and CD133 + cell depletion. We identified a lead compound, 673A (4-(1,3-dihydro-2H-isoindol-2-yl)benzaldehyde; Figure 2B ; complete screen to be described elsewhere). In vitro enzymatic assays revealed that 673A inhibited ALDH1A1 (IC 50 246 nM), ALDH1A2 (IC 50 230 nM), and ALDH1A3 (IC 50 348 nM) with minimal or no inhibition of ALDH2 (IC 50 14 mM) or numerous other ALDH family members ( Figures 2B and S2A ). To confirm inhibition of ALDH activity in live cells, we used PEO1 cells; a HGSC ovarian cancer cell line with very high ALDH activity and a defined CSC pool (Choi et al., 2015) . The 673A inhibited PEO1 ALDEFLUOR activity within 1 h of treatment and persisted after 6 h ( Figure 2C ). At 6 h, at equimolar doses, 673A inhibited 98% of ALDEFLUOR activity versus 40% for DEAB. To evaluate the ability of 673A to preferentially target CD133 + cells, we used cell lines (A2780, OVSAHO, and OvCAR5) with distinct CD133 + cell populations. The 673A was highly effective at preferentially depleting CD133 + CSC in all three cell lines (Figures 2A, 2E , S2B, and S3Bi-S3Biii) with a CSC selective median toxic dose (TD 50 ) of 3-20 mM. Showing selectivity for CSCs over normal cells, 673A demonstrated little or no toxicity to human mesenchymal stem cells or non-malignant MCF10A cells ( Figure S3D ).
To confirm induction of cell death was ALDH inhibition-mediated, we first used siRNA to knock down the target and assess efficacy. We chose to evaluate siRNA targeting ALHD1A3 in OVCAR8 cells as these cells were most sensitive to siRNA knockdown ( Figure 1Cii ). ALDH1A3 knockdown resulted in a statistically significant reduction in 673 treatment effect (Figure 2Di ). We similarly tested the effect of CRISPR-mediated ALDH1A1 or ALDH1A3 knockout. Given concerns for functional redundancy, we used Ov90 cells, which near-exclusively express ALDH1A1, and OVCAR5 cells, which predominantly express ALDH1A3. Interestingly, ALDH1A1 knockout Ov90 cells were nonviable with all constructs. OVCAR5-ALDH1A3-knockout (KO) cells demonstrated a significant loss in ALDEFLOUR activity ( Figure S1Bi ) and significant loss in 673 treatment effect ( Figure 2Dii ; $103 increase in TD 50 ). Given Ov90 cells were non-viable with ALDH1A1 KO, we generated A2780-ALDH1A1-KO cells. Likely related to persistent expression of ALDH1A3, these cells maintained significant ALDEFLUOR activity (Figure S1Bii) and had a less-pronounced reduction ($33 increase in TD 50 ) in 673 treatment effect.
To confirm on-target activity of 673A, we evaluated a second ALDH1Ai, CM10. Previously identified, CM10 represents a completely independent chemical series (Morgan and Hurley, 2015) . Similar to 673A, CM10 inhibits ALDH1A1, 1A2, and 1A3 (IC 50 1700, 740, and 640 nM, respectively) but does not inhibit any of the other ALDH family members tested ( Figure 2B ). Similar to 673A, CM10 inhibits ALDEFLUOR activity in live cells ( Figure S2D ), and preferentially depletes CD133 + cells (Figures 2A and S2E ). PubChem searches suggested CM10 and 673A (active in 17 of 673 and 11 of 556 assays, respectively) had limited and non-overlapping, potential offtarget activity (Tables S2 and S3 ). Together, this suggests that CD133 cell depletion is an on-target effect of the ALDH1Ai.
To determine whether 673A was inducing cell death in CD133 + CSC, we FACS-sorted the highly distinct CD133 +/À A2780, Ovsaho, and OVCAR5 cells. We observed clear-preferential 673A-mediated death of CD133 + cells ( Figure 2E ). Similarly, following a single 12.5-mM dose of 673A, IncuCyte real-time cell imaging, and the Cytotox green assay, we observed significant increases in cell death ( Figure S4A ). Finally, to evaluate this at the single-cell level, FACS-isolated ALDH + CD133 + A2780
cells were loaded into a single-cell microfluidic culture and treated with vehicle or 673A. Although >90% of vehicle-treated (legend continued on next page) cells were viable, >90% of 673A-treated cells died (Figure 2Fi ). Dying 673A-treated cells appeared swollen and then fragmented ( Figure 2Fii ). Taken together, these data suggest that the ALDH1A family inhibition preferentially induces cell death in CD133 + ovarian CSCs.
ALDH1A Inhibition Induces Necroptosis in Ovarian CSCs
We next evaluated the mechanism of cell death. Unlike controls of cisplatin (which induces apoptosis) and shikonin (a compound known to induce apoptosis and necroptosis), 673A-treated CD133 + cells revealed no significant early or late induction of annexin-V (Figure 3Ai ). In addition, IncuCyte real-time imaging confirmed no annexin-V positivity for 72 h after treatment, whereas cell death was confirmed by Cytotox dead-cell stain ( Figure S4A ). Pretreatment of cells with the pan-caspase inhibitor Z-VAD-FMK or the caspase-3 inhibitor Z-DEVD-FMK did not protect cells from 673A-induced cell death (Figures 3Aii-3Aiii ). These data suggest that 673A induces nonapoptotic, caspase-independent cell death.
Evaluation of 673A-treated cells stained with DAPI demonstrated clear nuclear swelling and loss of nuclear content consistent with necroptosis ( Figure 3Bi ). Similarly, transmission electron microscopy (TEM) revealed numerous morphologic features of cells undergoing necrosis: enlarged cell volume, enlarged mitochondria, rupture of plasma membrane with release of cellular content, and the appearance of large vacuoles (Figures 3Bii and S4B ). Suggesting that this is programmed cell necrosis, or necroptosis, immunofluorescence revealed clear nuclear-to-cytoplasm translocation of the high mobility group-1 protein (HMGB1) with the 673A treatment ( Figure 3C ) (Gdynia et al., 2010) . CM10 similarly induced a cellular/nuclear swelling necroptotic phenotype (Figure 3Bi ), indicating that this is an on-target ALDH-dependent event.
Intracellular calcium (Ca) accumulation can trigger necroptosis. As assessed by the calcium indicator CM-H2DCF, 673A treatment of CD133 + cells was associated with a 1.5-and 6-fold increase in Ca after 16 and 24 h after 673A treatment, respectively ( Figure 3Di ). Indicating a requirement for Ca in 673A-driven cell death, pretreatment of CD133 + (A2780) cells with the Ca chelator 1,2-bis (2-aminophenoxy)ethane-N,N,N 0 ,N 0 ,-tetraacetic acid (BAPTA) before 673A treatment prevented 673A-induced cell death, based on total cell and CD133 + cell numbers (Figures 3Dii-3Diii ). Indicating that 673A induction of necroptosis is an ALDH-dependent knockdown of ALDH1A3-induced cell death in PEO4 cells without significant induction of annexin-V ( Figure 3E ). siRNA knockdown (KD) of ALDH1A1 resulted in modest increases in annexin-V. Receptor-interacting serine/threonine-protein kinase 1 (RIPK1) can propagate ligand-activated necroptosis (Linkermann et al., 2012) . Suggesting 673A-induced necroptosis is RIPK1 independent, RIPK1 downregulation did not rescue cells from 673A-induced necroptosis (Figures 4Ai and S2Ci) . Similarly, although RIPK1 is strongly expressed in most ovarian cancer cell lines ( Figure S4Cii) , pretreatments with the RIPK1 inhibitor Nec-1 did not rescue cells from 673A-induced cell death (Figures  4Aii-4Aiii) .
RIPK1-independent necroptosis can be driven by RIPK3. Interestingly RIPK3 KD alone ( Figure S4Ciii ) resulted in a 70% reduction in cell number (Figure 4Bi ). This made it difficult to interpret the effect of RIPK3 downregulation on 673A-mediated CSC death (Figure 4Bi) . Similarly, high doses of necrosulfonamide (NSA), an inhibitor of the RIPK3 immediate downstream target MLKL also reduced cell numbers. However, low doses of NSA partly rescued cells from 673A-induced CD133 + cell death in A2780 and OVCAR8 cells, suggesting a potential role for RIPK3/MLKL in 673A-triggered death (Figures 4Bii and S4D ). We also evaluated the effect of 673A on necroptosome formation. Numerous proteins have been linked with the formation of a necroptosome, including RIP3K, MLKL, DRP1, FADD, and PGAM5 (Wang et al., 2012) . PGAM5 acts as a convergence point in RIPK3-dependent and -independent necroptosome formation, resulting in MLKL translocation to cell membranes (Cai et al., 2014) and DRP1 translocation to the mitochondria to increase membrane permeability (Wang et al., 2012) . To determine whether 673A treatment induced the formation of the necroptosome complex, we independently immunoprecipitated FADD-, DRP1-, and RIPK3-associated protein complexes in control and 673A-treated cells and performed western blots for PGAM5. For all three immunoprecipitated proteins, we observed increased association of PGAM5 in 673A-treated cells versus control cells ( Figure 4C ). Eight and 12 h after 673A treatment, we also observed dephosphorylation of DRP1 and increased PGAM5 expression with the appearance of the PGAM5-S splice variant ( Figure 4D ). Similarly, we observed a significant increase both in the mitochondrial association of DRP1 ( Figure 4Ei ) and in the proportion of MLKL protein localized to the cell membrane fraction after 673A treatments ( Figure 4Eii ). Taken together, these data suggest 673A induces calcium-dependent necroptosis. Error bars represent SDs; n = 3 independent experiments with at least triplicate assays. Data are presented as mean ± SD with *p < 0.05, **p < 0.01, and ***p < 0.005. 
ALDH1A Family Inhibition Induces the Expression of the Mitochondrial UCPs
(legend continued on next page)
UCP1 protein is aberrantly regulated in ALDH1A1-KO mice (Kiefer et al., 2012) , supporting UCP induction as an on-target/ ALDH inhibition-mediated effect of 673A. Further supporting that UCP1/UCP3 induction is a result of ALDH1A family inhibition, siRNA KD of the various ALDH1A family members similarly resulted in the induction of UCP1 and UCP3 ( Figure 5C ), with KD of ALDH1A1 and ALDH1A2 having the most prominent effects. Forced UCP3 expression reduced cell numbers 2-fold, whereas UCP1 expression reduced cell numbers $30% compared with a control (Figure 5Di ). Cells with UCP1 or UCP3 overexpression (D) Intracellular calcium level, using Fluo-4 FACS assay after 673A treatments (i). Cell counts (ii) and CD133 FACS analysis (iii) of A2780 cells after pretreatments with 20 mM BAPTA and treatments with 673A. (E) FACS of annexin-V-PE/DAPI in PEO4 cells after ALDH1A family member downregulation using siRNA (48 h). Error bars represent SDs n = 3 independent experiments with at least triplicate assays. Data are presented as mean ± SD with *p < 0.05, **p < 0.01, and ***p < 0.005. (D) A western blot analysis of pDRP1, DRP1, and PGAM5 after 673A treatments. Note that controls were on the same blot but were separated, thus the gel break. Exposures for controls and the remaining gel are identical.
(E) A western blot analysis of DRP1 protein in mitochondrial and cytoplasmic fractions (i) and MLKL protein in membranous and cytoplasmic cellular fractions (ii) after 12.5-mM 673A treatment. Error bars represent SDs n = 3 independent experiments with at least triplicate assays. Data are presented as mean ± SD with *p < 0.05, **p < 0.01, and ***p < 0.005.
demonstrated no upregulation of annexin-V ( Figure 5Dii ). Indicating that UCP proteins are important for 673A-triggered necroptosis, siRNA downregulation of UCP1 and UCP3 before 673A treatments rescued CD133 + from ALDH inhibition-triggered cell death ( Figure 5E ). As mitochondrial UCPs have a critical role in regulating OXPHOS, we next determined OXPHOS capacity with Seahorse after 673A treatments. Analysis of primary cells from HGSC patients after 673A treatment resulted in decreased OXPHOS capacity, associated with a significant decrease in basal and spare respiratory capacity and ATP production (Figures 5Fi and 5Fii ).
The Effect of ALDH1A Inhibition on Tumor Stemness and Chemotherapy Resistance We next examined the biologic effect of 673A-mediated preferential depletion of CSCs. In general, 673A had minimal effect on bulk cell viability in multiple cell lines tested (TD 50 of 40-80 mM; Figure S3A ). This is consistent with 673A-target CSCs, which make up a small percentage of the cells in most cell lines. Because CSCs have been implicated in chemotherapy resistance, we evaluated combination therapy with 673A and cisplatin chemotherapy, using cellular recovery assays with chemotherapy-resistant SKOv3 cells. Although 673A has limited activity as a single agent versus bulk SKOv3 (Figure S3Ai ), 673A was highly synergistic with chemotherapy; 9 days after treatment with cisplatin or 673A alone, there was 100% cellular recovery, and combined treatment of cisplatin and 673A led to a 30-fold reduction in cell number 9 days after treatment ( Figure 6A ). No therapeutic benefit was noted with the addition of the ALDH2 inhibitor daidzin to cisplatin ( Figure 6A ). Given these observations, we evaluated combination indexes of 673A and cisplatin in primary human ovarian cancer cells, and 673A and adriamycin in triple-negative breast cancer cell lines. The 673A was highly synergistic with chemotherapy in both cases (Figure 6Aii) Figure 6C ). Next, we assessed the effect of 673A on tumor-initiation capacity. Chemotherapy-resistant SKOv3 cells were treated in vitro with cisplatin (1 mg/ml), DSF, 673A (12.5 mM), or cisplatin and 673A. Forty-eight hours after treatment, live (propidium iodide [PI] À and annexin-V À ) cells were FACS-isolated, and 5,000 cells were injected into mice. Although treatment with DSF had no effect on cancer growth, 673A demonstrated a 4-5-fold reductions in tumor growth versus no treatment or cisplatin therapy (Figure 6Di ). Furthermore, with a limiting dilution assay, 673A alone was able to reduce tumor initiation $50% and, when combined with cisplatin therapy, eliminated tumor initiation capacity (Figures 6Di and 6Dii ).
673A Synergizes with Chemotherapy In Vivo to Eradicate Cancer in Mice
We next evaluated the anti-tumor effect of 673A in vivo with Ovsaho, HEY-1, and A2780 cell-line xenografts. Three days after cancer cell inoculation, the mice (n = 10 per treatment group) were treated daily with vehicle or 673A (20 mg/kg) for 21 days. The 673A treatment reduced tumor burden $40%-60% (Figure 7Ai) and significantly decreased tumor cell Ki67 expression (Figure 7Bi-ii) . H&E analysis of 673A-treated tumors revealed necrotic morphology ( Figure 7B ). We next assessed combination therapy on OVCAR8 cells, which are $50% CD133 + . We chose a lower dose of 673A because OVCAR8 CD133 + cells are very sensitive in vitro. Combined treatment of 673A at 4 mg/kg (n = 10) daily with three weekly doses of cisplatin reduced tumor burden 3.5-fold versus cisplatin only ( Figure 7C ). qRT-PCR analysis of tumors revealed a significant upregulation of UCP1 and UCP3 in 673A-treated tumors ( Figure 7D ). Hematologic, renal, and liver function tests revealed no additional toxicity with the addition of 673A to cisplatin (Table S4 ). Next, we determined the ability of 673A to eliminate ''minimal residual disease.'' CaoV3 cells (1 3 10 5 ) were injected subcutaneously in mice. After 7 days, the mice were treated with cisplatin, 673A, or combination therapy, as above, for 3 weeks, and tumor development over the next 6 months was evaluated. Ninety percent of mice treated with cisplatin developed tumors. In contrast, only 50% of mice treated with 673A alone and 40% of mice treated with cisplatin and 673A developed tumors ( Figure 7E ). In a parallel study that used intraperitoneal (i.p.) injection of 5 3 10 4 FACS-sorted ALDH + SKOv3 cells, 100% of mice treated only with cisplatin died, whereas 62% of mice treated with cisplatin and 673A were disease free at 6 months ( Figure 7F ). We also examined the effect of 673A with the LSL-K-ras G12D/+ Pten loxP/loxP genetic mouse model of endometrioid ovarian cancer (Dinulescu et al., 2005) . Two weeks after intra-bursal adeno-CRE virus-mediated tumor initiation, mice were treated with vehicle, carboplatin (25 mg/kg) weekly, or a combination of carboplatin weekly and 673A (20 mg/kg) daily for 7 weeks. Although only 16% of mice treated with carboplatin alone were tumor free after therapy, 27% of animals treated with combined carboplatin and 673A therapy were tumor free at the conclusion of the experiment ( Figure 7G ). Next, we examined the effect of combined 673A and carboplatin or 673A and cisplatin treatment with two chemotherapy-resistant patient-derived xenograft (PDX) models. The addition of 673A to either carboplatin or cisplatin not only prevented tumor growth but also induced tumor regression, reducing final tumor weight more than 2-fold ( Figure 7H) .
Finally, we confirmed on-target activity in vivo. Immunohistochemistry (IHC) demonstrated a reduction of ALDH1A1-expressing cells in responding 673A-treated tumors ( Figure S5Ai ). In addition, ALDEFLUOR activity in splenocytes of animals being treated with 673A was decreased 3-fold ( Figure S5Aii ). To further (legend continued on next page) confirm inhibition of ALDH in tumors in vivo, we used isotopic tandem orthogonal proteolysis-activity based protein profiling (isoTOP-ABPP) and click chemistry (Speers and Cravatt, 2004; Weerapana et al., 2010) to evaluate ALDH1A enzyme activity.
The 673A-treated tumors demonstrated clear protection of the catalytic residue Cys303 in ALDH1A1, whereas no binding to noncatalytic residues was detected (Figures 7Ii-ii and S5B) . Finally, evaluation of tumors that progressed on 673A treatment demonstrated upregulation of ALDH activity, suggesting ontarget resistance mechanisms ( Figure S5Aiii ).
DISCUSSION
In this study, we identified a selective, pan-ALDH1A family inhibitor, 673A. This ALDH1Ai preferentially induced necroptosis in ovarian CSCs, and, with chemotherapy, 673A eliminates chemotherapy-resistant tumors. This study links ALDH enzymatic activity with the necroptosis pathway. Furthermore, it adds to the growing literature supporting ALDH enzymes as important therapeutic targets in cancer and demonstrates the efficacy of selectively targeting the ALDH1A family.
ALDH as a Therapeutic Target ALDH1A isozymes are known to have a direct role in resistance to the chemotherapeutics ifosfamide and cyclophosphamide (Pinto et al., 2009) . ALDH activity has also been broadly linked with resistance to chemotherapeutics such as paclitaxel and doxorubicin, which are not directly metabolized by ALDH isozymes (Bretz et al., 2012; Dylla et al., 2008) . Numerous preclinical studies have tested the ability of ALDH inhibitors to reverse chemotherapy resistance. DSF has anti-cancer activity in vitro and in vivo (Irving and Daniel, 1987; Kast and Belda-Iniesta, 2009; Lin et al., 2011; Morrison et al., 2010; Rezk et al., 2015; Yip et al., 2011) . Dimethyl ampal thiolester (DIMATE), an ALDH1 and ALDH3 inhibitor, depletes leukemia stem cells but, importantly, does not affect hematopoietic stem cells (Venton et al., 2016) . More recently a potent ALDH1A1 selective inhibitor and a pan-ALDH1A inhibitor were found to synergize with chemotherapy (Huddle et al., 2018; Yang et al., 2018) , whereas an ALDH-targeted pro-drug effectively eliminated ALDH bright melanoma cells (Sarvi et al., 2018) .
Clinical work also supports development of ALDHi. A phase IIb trial in patients with advanced lung cancer demonstrated a statistically significant improvement in the overall survival of patients treated with DSF and chemotherapy versus chemotherapy alone, with $10% of DSF-treated patients being disease free at 3 years (Nechushtan et al., 2015) . Similarly, a small study of highrisk breast cancer patients receiving adjuvant chemotherapy and sodium diethyldithiocarbamic acid (a primary active metabolite of DSF) revealed a trend toward increased overall and disease-free survival (Dufour et al., 1993) . These studies suggest not only the efficacy but also the safety of inhibiting ALDH activity in patients. Consistent with the safety of targeting ALDH1A family members, ALDH1A1 is dispensable for the function of murine stem cells (Levi et al., 2009) .
Unfortunately, DSF is not an ideal ALDH inhibitor for cancer therapy: DSF has a very short half-life in vivo and numerous active metabolites that are associated with off-target effects, increased toxicity, and dose-limiting specificity (Agarwal et al., 1986; Malcolm et al., 2008; Petersen, 1992) . In addition, although DSF can partially reverse chemotherapy resistance in ovarian cancer cells, it has limited efficacy in ovarian cancer in vivo (Rezk et al., 2015) . Our analysis of ovarian cancer suggests that different cancers may express different ALDH1A family members. Indeed, ALDH1A1, ALDH1A2, and ALDH1A3 are all reported to be expressed in ovarian cancer (Saw et al., 2012) . We observed that siRNA KD or CRISPR KO of one ALDH1A was associated with reduced, but not complete, loss of response to ALDH1Ai. We believe this is likely related to expression of compensatory ALDH1A family members. Dual KD/KO experiments will be necessary to address this, but these are technically challenging because of difficulties in maximizing KD of multiple genes without increasing toxicity related to nucleic acid concentrations. Multi-KO CRISPR is an alternative but is more time consuming, requires multiple selection methods or steps, and has the risk of off-target genome editing (Fu et al., 2013) .
Given strong support in the literature for a therapeutic role of ALDH1A enzymes in chemotherapy resistant and stemness, variable expression of different ALDH1A family members in cancers, and the potential redundancy of function for these ALDH1A family members, we developed a pan-ALDH1A family member inhibitor. We found that the ALDH1A pan-family inhibitor 673A effectively reversed chemotherapy resistance. The 673A was effective in cell lines that predominantly expressed either ALDH1A1 or ALDH1A3. Importantly, in several in vivo models of ovarian cancer, 673A significantly enhanced chemotherapeutic activity, resulting in tumor eradication.
The Effect of Targeting CSCs
Although there remains controversy regarding CSCs, ALDH enzymatic activity, either alone or in combination with other stem cell markers, is arguably the best-characterized CSC marker. In ovarian cancer, ALDH + /CD133 + ovarian cancer CSCs meet the definition of CSCs put forth by Pattabiraman and Weinberg (2014) ; ALDH + /CD133 + ovarian cancer cells demonstrate both (1) increased ability to initiate tumors (Silva et al., 2011) and (2) a clear ability to undergo asymmetric division to both self-renew and produce non-self-daughter cells (Choi et al., 2015) . The 673A preferentially induced cell death in CD133 + ovarian cancer cells. Despite targeting less than 10% of the cells in most cancer cell lines, 673A had a significant effect on tumor growth in vivo. As a single agent, 673A could reduce tumor growth >50%. As noted above, when combined with chemotherapy, 673A increased tumor eradication rates in multiple in vivo models of ovarian cancer. We believe this is both via the direct targeting of CD133 + CSCs and the (legend continued on next page) reversal of ALDH1A-driven chemotherapy resistance. Taken together, these data support a critical role for CSCs, whether inherent or because of de-differentiation, as a therapeutic target.
ALDH1A Inhibition and Necroptosis
Treatment of cancer cells with the pan-ALDH1A inhibitor (ALDH1Ai) 673A results in (1) increased formation of necroptosomes, (2) translocation of HMBG1 to the cytoplasm, (3) translocation of mixed lineage kinase domain-like psuedokinase (MLKL) to the membrane, (4) reduced phosphorylation of DRP1 with translocation to the mitochondria, and (5) clear organelle and cellular swelling and leak of intracellular contents. This is all consistent with programmed cell necrosis. Our study, thus, links ALDH activity and necroptosis. ALDH1Ai-driven necroptosis is dependent on active transcription and translation. ALDH1Ai induced high levels of UCP1 and UCP3 mRNA preferentially in CD133 + cells. This is consistent with ALDH1A1-KO mice, which show induction of UCP1 (Onda and Yoshikawa, 2011) . Although mostly studied in thermogenesis and fatty acid metabolism in adipogenesis, increasing evidence links UCP proteins with cancer. UCP3 has been shown to decrease ATP production in HeLa cells and inhibit skin carcinogenesis by blocking AKT activation (Nowinski et al., 2015) . UCP1/2/3 overexpression has also been linked with induction of autophagy death in breast cancer cells (Sanchez-Alvarez et al., 2013). We found that 673A treatment resulted in strong induction of UCP expression, a reduction in ATP, and ultimately, necroptosis. Exactly how UCPs are linked with the induction of necroptosis remains to be determined. Induction of UCPs appears critical for ALDH1Ai-induced death because UCP KD partly rescued cancer cells from ALDH1Ai-induced death. Interestingly, CD133
+ ovarian cancer cells express higher levels of UCP mRNAs at baseline. This higher level of UCP expression may explain the increased sensitivity of CD133 + cells to ALDH1Ai-induced death. Several observations suggest that the necroptosis observed is an on-target effect: (1) siRNA KD of ALDH family members demonstrated similar induction of UCPs and CD133 + -selective cell death; (2) ALDH inhibition in vivo resulted in drastic reduction in ALDH1A stain in sensitive tumors, whereas resistant tumors demonstrated strong induction of ALDH activity; (3) an ALDH inhibitor from a completely independent chemical series, CM10, has the same effects on cells; and (4) 673A and CM10 have very little to no activity in common in off-target assays as reported by PubChem (CID 969428 and 889692).
In conclusion, we have discovered that pan-ALDH1A inhibition can trigger calcium-dependent necroptotic cell death preferentially in CSCs. Our results suggest that induction of necroptosis in CSC may represent a powerful therapeutic approach.
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EXPERIMENTAL MODEL AND SUBJECT DETAIL
1) Ovarian cancer cell lines: PEO1, PEO4, OvCar8, OvCar3, OvCar8, A2780, SKoV3, Ovsaho and Kuramochi were used in this study. 2) Primary samples: primary ovarian cancer tumors were obtained after surgery and dissociated to single cell suspension. Single cell suspension was used for spheroid studies. 3) LSL-K-ras G12D/+ Pten loxP/loxP was established by Dr. Romero, OBGYN department, University of Chicago 4) PDX model of ovarian cancer was established by Dr. Charles Landen, OBGYN department, University of Virginia and Dr. Buckanovich University of Michigan. 5) NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice from Jackson labs #00557 were used for all subcutaneous and IP injections
METHOD DETAILS
Cell culture and reagents PEO1, PEO4, OvCar8, and Kuramochi were used in experiments that assessed 673A effect on CD133 cells due to very high CD133 + expression. A2780, Ovsaho, and OVCAR5 cells were used in experiments which required very distinctive CD133 + population. SKoV3
were used in experiments that required very bright ALDH+ population. OvCar5 and OvCar8 used due to their high ALDH1A3 expression. A2780, OvCar8, and PEO1 ovarian cancer cells were provided by Dr. S. Murphy (Duke University). SKOv3, A2780, CaoV3, OvCar8, OvCar5 Ovsaho, PEO4, and Kuramochi cells were maintained in RPMI-1640 with 10% FBS and 1% Pen/Strep. Ovsaho and Kuramochi cells were purchased from JCRB cell bank. PEO1 cells were maintained as above with 0.2% pyruvate. 673A was purchased from ChemBridge Corporation. The compounds and reagents used were Z-VAD-FMK (InvivoGen), BAPTA (Tocris), necrostatin-1 (Tocris), necrosulfonamide (Tocris), cisplatin (SICOR Pharmaceuticals), acetaldehyde, propionaldehyde, NAD+, and buffers for ALDH activity (Sigma Aldrich). The kits used were Fluo Calcium Indicator CM-H2DCF (Invitrogen), SuperScript II First-Strand Synthesis SuperMix (Invitrogen), Amaxa Cell Line Nucleofector Kit (Lonza), MTT assay (Invitrogen), and Annexin/PI Apoptosis Detection Kit (BD PharMingen), all according to manufacturers' instructions.
Growth curves and cell viability assay Cells (7,500 cells/well) were plated in a 96-well plate. After 24 hr, the medium was replaced with fresh growth medium with various treatments. Growth curves were constructed by imaging plates, using the IncuCyte system (Essen Instruments), where the growth curves were built from confluence measurements acquired during round-the-clock kinetic imaging. Cell viability was determined using MTT assay (Invitrogen). Cell number was assessed by direct counting using a Countess automated cell counter (Invitrogen). Protein preparation For total protein extraction, cell pellets were lysed on ice in 1 3 phosphate-buffered saline with 1% NP40, 0.1% SDS, and freshly added 20 mg/ml protease inhibitor cocktail and 2 mM phenylmethylsulfonyl fluoride (Sigma Chemical). Protein fractionations were performed using subcellular protein fractionation kits (ThermoFisher Scientific). Protein concentration was determined by BCA protein assay (Pierce Biotechnology).
Western blotting
Western blots were performed as previously described (Coffman et al., 2016) . The following antibodies were used: UCP1 (R&D), UCP3 (Abcam), PGAM5 (Gentex), DRP1 (Cell Signaling), pDRP1 (GeneTex), TOM20, GAPDH, ACTB, and Na1K-ATPase1 (Cell Signaling). Specific protein bands were visualized using enhanced chemiluminescence (Pierce Biotechnology).
Flow cytometric analysis and fluorescence-activated cell sorting (FACS) FACS was performed as previously described (Silva et al., 2011) with anti-human CD133 (Miltenyi Biotec 1:100), then PI or DAPI, followed by incubation with ALDEFLUOR per protocol (Stem Cell Technologies). FACS was performed using the Astrios (Beckman Coulter) or FACS Accuri (BD).
Hanging drop culture for spheroid formation from OvCSCs FACS-sorted OvCSCs were harvested, and separated from culture media (RPMI 1640 supplemented with 1X fetal bovine serum and 0.1X antibiotics and antimycotics), using high-speed centrifugation. Cells were resuspended in serum-free growth medium (SFM; DMEM/F12 supplemented with 5 ng/ml bFGF, 5 ng/ml EGF, 1X B27 supplement, 1X insulin-transferrin-selenium supplement, 1X nonessential amino acids, and 1X antibiotics and antimycotics). Cell counts were obtained using a hemocytometer and adjusted to a concentration of 10 OvCSCs per 20 ml of serum-free medium. Spheroids were initiated using 10 OvCSCs per spheroid, following protocols established previously. Spheroids were maintained in SFM for a period of 7 days and imaged using live phase contrast microscopy to follow spheroid formation.
Drug treatment on OvCSC spheroids in hanging drop array culture
OvCSC spheroids were initiated with 10 OvCSCs per 20 ml hanging drop in 384-well hanging drop plates. Spheroids were allowed to aggregate and form a 3D microtissue over a period of 7 days. For drug treatment, a 10X stock of drug was prepared independently, and 2 ml was added to the 20ml hanging drops containing spheroids to yield the desired 1X drug concentration. Spheroids were treated with cisplatin, ALDH inhibitor compound 673A, or cisplatin + compound 673A at the indicated concentrations. The effect of drug treatment on spheroids was determined at 72 hr using the CellTiter-Glo 3D metabolic assay to determine viability after drug treatment. Control untreated spheroids were maintained for the same duration in hanging drop culture. At least 20 spheroids (technical replicates) were assayed per experiment, with 3-5 biological replicates.
Radiation survival assays FACS-sorted cells were seeded at clonal densities, followed by drug and radiation treatments (0-6Gy) and incubation for 10-12 days for colony formation, as previously described (Morgan et al., 2010) . Drug cytotoxicity (in the absence of radiation) was calculated as the ratio of surviving drug-treated cells relative to untreated control cells. Survival data were corrected for drug cytotoxicity, and survival curves were fitted using the linear quadratic. Radiation enhancement ratios were calculated as the ratio of the mean inactivation dose under control conditions divided by the mean inactivation under drug treatment conditions, where a value significantly greater than 1 indicates radiosensitization. Radiation was performed using a Philips RT250 (Kimtron Medical) at a dose rate of $2 Gy/min. Results are from three independent experiments.
Patient tumor specimens
Informed consent was obtained from all patients before tissue procurement. All studies were performed with the approval of the Institutional Review Board of the University of Michigan. Tumors were mechanically dissected into single-cell suspensions and isolated on a Ficoll gradient as previously described (Silva et al., 2011) . For ascites, studies of cell pellets were collected by centrifugation, and red cells were lysed using ACK buffer (Lonza), washed, passed through a 40-mm filter, then passed four times through a standard hub pipetting needle to isolate single cells. Human tumor sphere assays were performed as previously described .
Quantitative real-time PCR (qRT-PCR)
qRT-PCR was performed as previously described (Chefetz et al., 2013) . Briefly, PCR reactions were set up in triplicates with the SYBR Green Master Mix (Applied Biosystems). HPRT was used as an internal control. All primers are designed as intron-exon spanning primers; primer sequences are found in Table S5 . All PCR reactions were validated by the presence of a single peak in the melt curve analysis. All products were resolved by 2.5% agarose gel electrophoresis to confirm DNA fragments of expected size.
Immunohistochemistry (IHC)
IHC was performed as previously described (Silva et al., 2011) . Tumors were stained at the histology core at the University of Michigan using EDTA-based antigen retrieval and mouse anti-ALDH antibody (BD Biosciences, clone 44/ALDH; 1:100) or antiKi67 antibody (Abcam 15580, 1:2,000). For stain quantification, 8-10 sections from 4 to 5 tumors per treatment group were analyzed. For Ki67, cells were counted from 10 low-power fields ( 3 100) per section by three people. Counts were then compared using a 2-sided Student's t test.
Isolation of proteome and quantification of protein labeling For proteomic analysis the tumors were thawed on ice, transferred into 1.5-mL Eppendorf tubes, washed with cold PBS (2 3 1.0 mL), and homogenized in cold PBS (1.0 mL) with zirconium oxide beads (1 scoop) using a Bullet Blender at 4 C (Next Advance Bullet Blender with air cooling; 3 min, speed setting #8). The proteome was separated from the debris using a table-top centrifuge (4 C, 6000 g, 3 min). The homogenization was repeated two additional times, and the combined proteome was further separated into soluble and particulate fractions by ultracentrifugation (100,000 x g, 45 min). The soluble proteomic fraction was analyzed by isoTOP-ABPP.
isoTOP-ABPP IA-alkyne labeling and click chemistry Samples (500 mL, 2.0 mg/mL) were labeled with 100 mM iodoacetamide alkyne (1, IA-alkyne, 5 mL of 10 mM stock in DMSO) for 1h at ambient temperature and then conjugated to isotopically labeled, TEV-cleavable tags (TEV tags) using copper-catalyzed azidealkyne cycloaddition reaction (CuAAC). Reagents for the CuAAC reaction were pre-mixed prior to their addition to the proteome samples. In brief, TEV tags (light or heavy, 10 mL of 5 mM stocks in DMSO, final concentration = 100 mM), tris(benzyltriazolylmethyl)amine ligand (TBTA; 30 mL of 1.7 mM stock in DMSO: t-butanol 1: 4, final concentration = 100 mM), tris(2-carboxyethyl)phosphine hydrochloride (TCEP; 10 mL of fresh 50 mM stock in water, final concentration = 1 mM), and Cu(OAc)2 (10 mL of 50 mM stock in water, final concentration = 1 mM) were combined in a separate Eppendorf tube, vortexed and spun down using table centrifuge. ''Heavy'' CuAAC reaction mixture (55 mL) was added to the DMSO-treated control samples and ''light'' CuAAC reaction mixture (55 mL) was added to compound-treated samples, and the reaction was allowed to proceed for 1h. Upon completion, ''heavy'' and ''light'' samples were combined pairwise in a 15-mL conical falcon tube kept on ice, containing 4 mL of cold methanol (pre-chilled at À80 C), 1 mL CHCl3, and 1 mL H 2 O. Eppendorf tubes from the reaction mixtures were washed with an additional 1mL of H 2 O each, and the washed fractions were transferred to the same falcon tube (final ratios MeOH: CHCl 3 : H 2 O = 4: 1: 4). Following centrifugation (5,000 x g, 10 min, 4 C), CHCl 3 and aqueous layers were aspirated without perturbing the protein disk formed, which was resuspended in cold methanol (2 mL) by sonication. CHCl 3 (1 mL) was then added, the mixture was vortexed, and the proteins were pelleted by centrifugation (5,000 x g, 10 min, 4 C). The resulting pellets were solubilized in 1.2% SDS in PBS (1 mL) with sonication and heating (95 C, 5 min).
isoTOP-ABPP streptavidin enrichment SDS-solubilized samples were diluted with 4 mL PBS, streptavidin-agarose beads were added for enrichment (final concentration: 0.2% SDS in PBS), and the bead mixture was rotated for 3 h at ambient temperature. For each sample, 100 mL of streptavidinagarose bead slurry (Fisher) was washed in 10 mL PBS and resuspended in 1 mL PBS prior to addition to the sample. After incubation, the beads were pelleted by centrifugation (2,000 x g, 2 min) and were extensively washed to remove nonspecifically binding proteins (2 3 10 mL 0.2% SDS in PBS, 2 3 10 mL PBS, and 2 3 10 mL water).
isoTOP-ABPP trypsin and TEV digestion
The beads were transferred to Eppendorf tubes with 1 mL water (2 3 0.5 mL), pelleted by centrifugation (4,000 x g, 2 min), and resuspended in PBS containing 6 M urea (0.5 mL). DTT (25 mL of a fresh 200-mM stock in water, final concentration = 10 mM) was then added, and the beads were incubated at 65 C for 15 min. Iodoacetamide (25 mL of a 400-mM stock in water, final concentration = 20 mM) was then added, and the final mixture was incubated at 37 C for 30 min, with shaking. Following the incubation, the mixture was diluted with PBS (0.9 mL), and the beads were pelleted by centrifugation (2,000 x g, 2 min) and resuspended in PBS containing 2 M urea (200 mL). Trypsin (Promega, sequencing grade; 2 mg in 6 mL of trypsin buffer containing 1 mM CaCl 2 ) was added to the mixture, and the digestion was allowed to proceed overnight at 37 C, with shaking. The beads were pelleted by centrifugation (2,000 x g, 2 min) and the tryptic digest was removed by aspiration. The beads were then extensively washed (1 3 1 mL 2 M urea, 3 3 1 mL PBS, 3 3 1 mL water) and transferred to a new Eppendorf tube in 1 mL water (2 3 0.5 mL). The beads were then washed one more time with 200 mL TEV buffer (50 mM Tris, pH 8, 0.5 mM EDTA, 1 mM DTT) and resuspended in 140 mL TEV buffer. TEV protease (4 mL, 80 mM) was added, and the digestion was allowed to proceed at 30 C with rotation overnight. Following the overnight digestion, the beads were pelleted by centrifugation, TEV digest was separated from the beads using Micro Bio-Spin columns with centrifugation (800 x g, 0.5 min), and the beads were washed once with water (100 mL). The samples were then acidified to a final concentration of 5% (v/v) formic acid and stored at À80 C prior to analysis.
isoTOP-ABPP liquid chromatography-mass spectrometry (LC-MS) analysis
Samples were pressure loaded onto 250-mm (inner diameter) fused silica capillary columns packed with C18 resin (Aqua 5 mm, Phenomenex). Samples were analyzed by multidimensional liquid chromatography tandem mass-spectrometry (MudPIT) using an LTQ-Velos Orbitrap mass spectrometer (Thermo) coupled to an Agilent 1200-series quaternary pump. The peptides were eluted onto a biphasic column with a 5-mm tip (100 mm fused silica), packed with C18 (10 cm) and bulk strong cation exchange resin (3 cm, SCX, Phenomenex), in a five-step MudPIT experiment, using 0%, 30%, 60%, 90%, and 100% salt bumps of 500-mM aqueous ammonium acetate and a 5%-100% gradient of buffer B in buffer A (buffer A: 95% water, 5% acetonitrile, 0.1% formic acid; buffer B: 5% water, 95% acetonitrile, 0.1% formic acid) as previously described (Weerapana et al., 2007) . Data were collected in data-dependent acquisition mode with dynamic exclusion enabled (20 s, repeat of 2). One full MS (MS1) scan (400-1800 m/z) was followed by 30 MS2 scans (ITMS) of the nth most abundant ions.
isoTOP-ABPP peptide and protein identification
The MS2 spectra data were extracted from the raw file using RAW Xtractor (version 1.9.9.2; available at http://fields.scripps.edu/ downloads.php). MS2 spectra data were searched using the ProLuCID algorithm (publicly available at http://fields.scripps.edu/ downloads.php) using a reverse concatenated, nonredundant variant of the Human UniProt database (release-2012_11). Cysteine residues were searched with a static modification for carboxyamidomethylation (+57.02146) and up to one differential modification for either the light or heavy TEV tags (+464.28595 and +470.29976, respectively). Peptides were required to have at least one tryptic terminus and to contain the TEV modification. ProLuCID data was filtered through DTASelect (version 2.0) to achieve a peptide falsepositive rate below 1%.
isoTOP-ABPP R value calculation and processing
The heavy/light isoTOP-ABPP ratios (R values) for each unique peptide (DMSO/compound treated) were quantified with in-house CIMAGE software (Weerapana et al., 2010) using default parameters (3 MS1 acquisitions per peak and signal-to-noise threshold set to 2.5). Site-specific engagement of cysteine residues was assessed by blockade of IA-alkyne probe labeling. A maximal ratio of 20 was assigned for peptides that showed a R 95% reduction in MS1 peak area in the compound-treated proteome (light TEV tag) compared to the control DMSO-treated proteome (heavy TEV tag). Ratios for unique peptide sequences were calculated for each experiment; overlapping peptides with the same modified cysteine (e.g., different charge states, elution times, or tryptic termini) were grouped together, and the median ratio is reported as the final ratio (R). Additionally, ratios for peptide sequences containing multiple cysteines were grouped together. Biological replicates of the same treatment were averaged if the standard deviation was below 60% of the mean; otherwise, for cysteines with at least one R value < 4 per treatment, the lowest value of the ratio set was taken. For cysteines in which all R values were > 4, the average was reported. The peptide ratios reported by CIMAGE were further filtered to ensure the removal or correction of low-quality ratios in each individual dataset. The quality filters applied were the following: removal of half-tryptic peptides; removal of peptides with R = 20 and only a single MS2 event triggered during the elution of the parent ion; manual annotation of all the peptides with ratios of 20.
ALDH enzymatic activity ALDH enzyme in vitro inhibition was assessed for each ALDHi as described (Morgan and Hurley, 2015) . ALDHi (10 nm-20 mM,) were combined with propionaldehyde (200 mM) and NAD + (100 mM) as substrates, and the increase in absorbance due to ALDH-mediated production of NADH with propionaldehyde metabolism was measured.
Transmission electron microscopy
FACs isolated CD133+ cells treated with vehicle or 673A (25 mM) for 18 hours, washed with PBS, fixed with glutaraldehyde, then processed, stained, and cut at the U of M microscopy core. Images were obtained through a Philips CM-100 transmission electron microscope. Transfections UCP1 and UCP3 [transOMIC MGC premier expression-ready cDNA clone BC008392; and MGC premier expression-ready cDNA clone BC096] plasmids were transiently transfected into cell with a 4D nucleofector (Lonza). For ALDH KD studies we used ALDH1A1 NC siRNA as described in the Key Resources Table. For ALDH1A3 we used Dharmacon siRNA A-009082-15-0005. For UCP siRNA studies, we used 1 3 10 4 cells were plated in a regular growth medium and, 24 hr later, were transfected using Lipofectamine RNAiMAX reagent (Invitrogen).
CRISPR-Cas ALDH KO Three viruses for ALDH1A1 or ALDH1A3 (human sgRNA CRISPR All-in-One Lentivirus (Applied Biological Materials Inc (Richmond, BC, Canada)) were used to transduce A2780 and OV90 cells (ALDH1A1) or OVCAR5 cells (ALDH1A3) at an MOI of 5 and puromycin selected for 7 days. KO was confirmed using western blotting (anti-ALDH1A1 from Novus (Centennial, Co) NBP1-89152, anti-ALDH1A3 Novus NBP1-91657 both at 1:1000). ALDH1A1-LV17 (cat#K0070517) most efficiently deleted ALDH1A1 expression. ALDH1A3 LV18 (cat#K0070718) effectively eliminated ALDH1A3 expression.
Animal studies
Experiments were performed with approval of the University Committee on Use and Care of Animals at the University of Michigan, the University of Chicago, or the University of Virginia. Cell line xenografts: 7.5 3 10 4 A2780 cells or 15,000 CD133 + (A2780) cells, 5 3 10 OVCAR8, 5 3 10 5 HEY-1, or 1 3 10 5 CaOV3 cells were injected, in 100 ml of Matrigel (BD Biosciences), subcutaneously into the axillae of 8-week-old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. Three days after inoculation, the mice were treated with an IP injection of (1) DMSO 40 ml, (2) cisplatin 500-1,000 mg/kg weekly, (3) 673A 4-20 mg/kg daily, or (4) a combination of cisplatin followed by 673A (n = 10 mice per treatment group) for 3 weeks. Tumors were measured using calipers and tumor volume (L x W x W/2) calculated. For IP tumors, 0.5 3 10 4 FACS-sorted ALDH + SKOv3 cells were injected IP in 250 mL PBS. Mice were treated as above and then monitored for 6 months. For the LSL-K-rasG12D/+PtenloxP/loxP genetic mouse model of ovarian cancer, tumor was initiated as described (Dinulescu et al., 2005) , with 2.5 3 10 7 plaque-forming units injected under the bursa of the right ovary, the left ovary serving as control. Treatment was started as indicated two weeks after adenovirus injection. 7 weeks after injection of the virus, the mice were sacrificed and tumor burden assessed.
Patient-derived xenografts
Two patient-derived xenograft (PDX) models were developed as described (Dobbin et al., 2014) . One from a patient with chemotherapy resistant disease, one treated in mice to generate platinum resistance. PDX cells were implanted and allowed to grow until 1cm 3 ; then, treated with either: (1) Vehicle, (2) 75 mg/kg carboplatin + 20 mg/kg paclitaxel injected IP weekly, or (3) 75 mg/kg carboplatin + 20 mg/kg paclitaxel injected IP weekly + 2.23 mg/kg 673A injected IP daily. Tumors were monitored as above.
Seahorse mitochondrial flux analyses A Seahorse XFe96 flux analyzer (Seahorse Biosciences) was used to determine the oxidative consumption rate (OCR). 30,000 cells/ well were allowed to adhere overnight, then treated with 673A. One hour before analysis, medium was replaced with XF medium with 10 mM glucose or 1 mM pyruvate and incubated for 1 h in a CO 2 -free 37 C incubator. The basal respiration of the cells was measured, followed by injection of oligomycin (1 mM), and carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 2 mM) to determine maximal respiration. Rotenone (1 mM) and antimycin A (1 mM) were injected to measure the nonmitochondrial respiration. The mitochondrial OCR was calculated by extracting the nonmitochondrial respiration from the basal respiration.
QUANTIFICATION AND STATISTICAL ANALYSIS
Synergy calculation
The drug combination studies were conducted using the Chou-Talalay median effects method, with serial dilutions of both drugs administered at various doses. The combination index (CI), a measure of the quantitative determination of drug interactions, was calculated from the drug dose versus cell viability data using CompuSyn software (http://www.combosyn.com). CI < 1 is synergistic and CI > 1 is antagonistic, with CI = 1 being additive. Statistical analysis Data are presented as mean ± SD or SE with *p < 0.05, **p < 0.01, ***p < 0.005. Overall survival studies were performed with the method of Kaplan and Meier, using analysis of variance with the Bonferroni correction. For in vitro assays, except where indicated, results are a summary of triplicate technical replicates from three independent experiments. Student's t test or ANOVA were used to compare results.
